Tooth agenesis is the most common developmental anomaly of human dentition, occurring most often in the third molar (wisdom tooth). It is affected by genetic variation, so this study aimed to identify susceptibility genes associated with third molar agenesis. Examination of panoramic radiographs and medical history about third molar extraction were used to diagnose third molar agenesis. We then conducted a genome-wide association study of 149 cases with at least one-third molar agenesis and 338 controls from Japan and Korea using the Illumina HumanOmniExpress BeadChip. After rigorous quality-control filtering, approximately 550 000 single-nucleotide polymorphisms (SNPs) were analyzed in association tests with the status. We identified three SNPs showing evidence of association at Po1 Â 10 À5 and 69 SNPs showing evidence of association at Po1 Â 10 À4 . SNP rs1469622, which maps to an intron of THSD7B (thrombospondin, type I, domain containing 7B) on chromosome 2, showed the strongest association (combined odds ratio ¼ 1.88, 95% confidence interval ¼ 1.43-2.47, P ¼ 7.5 Â 10 À6 ). The identified SNPs may be considered candidates for future replication studies in independent samples.
INTRODUCTION
Tooth agenesis is a common human anomaly, with that of the third molar (wisdom tooth) occurring most often. Tooth agenesis of the mandibular central and lateral permanent incisors has the lowest incidence. 1 The incidences of third molar agenesis vary between populations, 2 reaching nearly 100% in Mexican Indians and being almost absent in Tasmanians. The number of missing third molars in individuals with any missing third molar (mean, 1.74 per person) is significantly lower in blacks than whites (mean, 2.05). 3 Genetic components appear to be strongly involved in tooth agenesis. Variants in several genes including msh homeobox 1 (MSX1), 4 paired box 9 (PAX9) 5 and axin 2 (AXIN2) 6 have been reported as causal factors of non-syndromic hypodontia (missing up to six teeth, excluding the third molars) or oligodontia (missing over six teeth, excluding the third molars). MSX1 is associated with cleft palate, 7 whereas AXIN2 is associated with colorectal cancer. 6 Although some genes related to early tooth development are associated with tooth agenesis and systemic features, 8 the susceptibility genes or loci for third molar agenesis remain unknown. The identification of such genes is likely to contribute to the fields of medicine, dentistry, anthropology, anatomy and phylogenesis.
In this study, we conducted a genome-wide association study (GWAS) of third molar agenesis. We examined 149 cases with at least one-third molar agenesis and 338 control subjects without. We identified three single-nucleotide polymorphisms (SNPs) showing evidence of association at Po1 Â 10 À5 and 69 SNPs showing evidence of association at Po1 Â 10 À4 . Our results therefore provide informative candidates for further follow-up studies.
MATERIALS AND METHODS

Study participants and diagnosis
A total of 503 individuals were enrolled in the study, including unrelated Japanese individuals from the Tokyo metropolitan area, and unrelated Korean individuals from the Busan area, South Korea. The study was approved by the Institutional Review Board of each institution, and informed consent was obtained from all participating individuals.
Completely calcified crowns are reported to be visible around the age of 13-15 years, 9-11 so we enrolled participants aged older than 16 years. Diagnosis of third molar agenesis was made by examination of a panoramic radiograph 12 ( Figure 1 ) taken between 2008 and 2012 at Showa University Dental Hospital, Tokyo, or Pusan National University Dental Hospital, Busan, together with interviews about the medical history of third molar extraction. If we were unable to confirm whether third molar(s) were extracted, the subjects were excluded from the study. The control subjects were defined by confirming the presence of four third molars on a panoramic radiograph.
Subjects with at least one-third molar agenesis included 78 Japanese (17 men, 61 women) and 71 Koreans (39 men, 32 women). Controls without third molar agenesis included 186 Japanese (57 men, 129 women) and 152 Koreans (91 men, 61 women). The mean age of the individuals was 26.3 years (range, 16-57 years) for the Japanese, and 27.9 years (range, 20-40 years) for the Koreans.
DNA collection, genotyping and quality control
Saliva was collected from study participants and DNA was isolated using an Oragene DNA self-collection kit (DNA Genotek, Ottawa, ON, Canada), following the manufacturer's instructions. Aliquots containing 200 ng total DNA per sample were used. All DNA samples from the Japanese and Korean subjects were analyzed with a HumanOmniExpress BeadChip (Illumina, San Diego, CA, USA) according to the manufacturer's protocol. Genotype calling of more than 700 000 SNPs was implemented using Illumina BeadStudio software (Illumina). All genotyping assays were performed at Kyushu University (Fukuoka, Japan).
We applied the following quality control (QC) procedures separately to the Japanese and Korean data sets using the PLINK version 1.07 software. 13 The outline of our QC filtering is shown in Supplementary Figure S1 . We confirmed that the information for the gender of each individual was consistent with the SNP genotyping data on the X chromosome. We then excluded SNPs on sex chromosomes. We excluded subjects with missing genotype rates 42% and SNPs with missing genotype rates 42%. We included SNPs showing minor allele frequencies X3% and excluded those showing significant deviations from the Hardy-Weinberg equilibrium at Po1 Â 10 À6 . The significance threshold of the P-value for excluding SNPs caused by deviation from Hardy-Weinberg equilibrium was determined by analyzing the relationship between the distribution of the P-values and the over-and under-representation of heterozygotes (Supplementary Figure S2) .
In terms of the identical-by-descent probability, we detected a pair of subjects with cryptic relatedness whose genomes were shared with each other at the expected levels of sharing between parent and offspring or full siblings. We randomly selected and retained one subject out of the relatives for further analyses. We performed a principal component analysis including the Japanese and Korean data sets together with HapMap phase III samples (2010) using the EIGENSTRAT 3.0 software. 14, 15 As a result, we found that all subjects in our data sets were of East Asian origin (Supplementary Figure S3a) . A principal component analysis using only East Asian populations showed that some of our Japanese subjects were in non-Japanese clusters: two Chinese, three Korean, and four Japanese-Chinese mixed clusters (Supplementary Figure S3b) . We removed these nine subjects from further analyses.
Statistical analysis
We defined three types of phenotypes regarding third molar agenesis: (A) individuals with at least one-third molar agenesis were treated as cases and individuals with four third molars as controls (Japanese cases 78, controls 186; Korean cases 71, controls 152), (B) individuals with and without maxillary third molar agenesis were treated as cases and controls, respectively (Japanese cases 62, controls 202; Korean cases 63, controls 160), (C) individuals with and without mandibular third molar agenesis were treated as cases and controls, respectively (Japanese cases 40, controls 224; Korean cases 40, controls 183).
We initially analyzed the Japanese and Korean data sets separately, and then combined the results from the two data sets by means of meta-analysis 16 using the PLINK software. 13 The initial association analyses were performed using a 2 Â 2 contingency table based on allele frequency. For all filtered SNPs, the P-values of association were assessed by Fisher's exact test, and odds ratios (ORs) and 95% confidence intervals (95% CIs) were calculated. The quantilequantile plot and genomic inflation factor (l) were used to assess the presence of systematic bias of the observed test statistics based on the potential population structure. Second, we conducted random-effects model metaanalyses 17 by combining the results from the Japanese and Korean data sets. We evaluated the between-study heterogeneity in terms of Cochran's Q test 18 and I 2 metrics. 19 The meta-analyses and evaluation of heterogeneity were rerun using the STATA version 11.0 software (Stata, College Station, TX, USA) for confirmation. A total of 532 105 SNPs, common to the filtered Japanese and Korean data sets, were used in the meta-analysis.
According to the statistical power evaluation (Supplementary Figure S4) , our GWAS was found to have substantial power (40.5) to detect genetic variants with risk allele frequencies ranging from 0.2 to 0.75 and relatively large effect sizes (OR ¼ 2.0) at the significant threshold of Po10 À4 . At the same time, the result of the power estimation shows that it is difficult to identify genetic variants at the stringent significance level (Po5 Â 10 À8 ) unless their effects are very strong (ORX2.5). Therefore, we defined Po10 À4 as a threshold for reporting suggestive associations for future replication studies.
RESULTS
Association studies in individual data sets
After QC filtering, 547 727 SNPs and 545 945 SNPs were available within the Japanese and Korean data sets, respectively. The average genotype call rates were 499.9% in both data sets. The quantilequantile plots for (A) at least one-third molar agenesis, (B) maxillary third molar agenesis and (C) mandibular third molar agenesis are shown in Supplementary Figure S5 . Genomic inflation factors obtained for all analyses were o1.03, indicating that the observed test statistics were not inflated by a systematic bias such as population stratification. Forty-nine and 34 SNPs showed significant associations at Po1 Â 10 À4 in the Japanese and Korean data sets, respectively, for at least one-third molar agenesis; 45 and 41 SNPs showed significant associations at Po1 Â 10 À4 in the Japanese and Korean data sets, respectively, for maxillary third molar agenesis; 36 and 24 SNPs showed significant associations at Po1 Â 10 À4 in the Japanese and Korean data sets, respectively, for mandibular third molar agenesis.
Meta-analysis
To improve the statistical power and detect consistent association signals, we combined the Japanese and Korean data sets using metaanalysis. The results of random-effects model meta-analysis for the three types of third molar agenesis phenotypes are shown in Figure 2 . We detected 21, 26 and 30 SNPs showing significant associations at Po1 Â 10 À5 in the meta-analyses for at least one, maxillary and mandibular third molar agenesis, respectively (Supplementary Table S1 ). Of these, three SNPs showed significant associations at Po1 Â 10 À5 (Table 1) . SNP rs1469622 showed the strongest association with at least one-third molar agenesis (combined OR ¼ 1.88, 95% CI ¼ 1.43-2.47, P ¼ 7.5 Â 10 À6 ). This SNP maps to the intron of the thrombospondin, type I, domain containing 7B gene (THSD7B) on chromosome 2. SNPs rs938036 and rs906628 showed significant associations with mandibular third agenesis at P ¼ 7.8 Â 10 À6 and 8.3 Â 10 À6 , respectively.
DISCUSSION
Our GWAS identified three genomic regions showing evidence of association (Po1 Â 10 À5 ) with third molar agenesis; the strongest association (combined OR ¼ 1.88, 95% CI ¼ 1.43-2.47, P ¼ 7.5 Â 10 À6 ) was found with SNP rs1469622, which maps to the intron of THSD7B. SNPs in this gene were shown in a recent GWAS to be associated with bipolar disorder (rs718632), 20 pancreatic cancer in a Japanese population (rs1427593) 21 and alcohol dependence (rs1869324). 22 However, the biological function of THSD7B is unknown. 23 In this study, SNPs rs938036 and rs906628 both showed evidence of association with third molar agenesis at Po1 Â 10 À5 . The nearest genes to rs938036 and rs906628 are LOC100420828 and LOC100507548, respectively; however, the biological functions of these genes are again unknown.
Of the SNPs showing evidence of association at Po1 Â 10 À4 , meta-analysis identified four coincident SNPs in at least one (A) and maxillary (B) third molar agenesis (rs1469622, rs6459434, rs12369725, rs1075010), one coincident SNP in at least one (A) and mandibular (C) third molar agenesis (rs10834449), and one coincident SNP in maxillary (B) and mandibular (C) third molar agenesis (rs1339800). SNP rs12369725, which maps to the intron of the glutamate receptor, ionotropic, N-methyl D-aspartate 2B gene (GRIN2B) on chromosome 12p12 also showed an association (OR ¼ 2.44, 95% CI ¼ 1.50-3.98 in Japanese subjects, OR ¼ 1.86, 95% CI ¼ 1.16-2.97 in Korean subjects, OR ¼ 2.12, 95% CI ¼ 1.51-2.97, P ¼ 1.4 Â 10 À5 in the combined analyses). Previously, SNP rs2284411 in GRIN2B showed an association in attention-deficit hyperactivity disorder families. 24 Moreover, recent trio-based exome sequencing suggested that de novo mutations in GRIN2B may contribute substantially to the genetic risk for autism spectrum disorders, 25 whereas a GWAS showed that rs220549 in GRIN2B had an association with neuroticism. 26 SNP rs10834449, which maps to the intron of the leucine zipper protein 2 gene (LUZP2) on chromosome 11p14.3, also showed an association with third molar agenesis (combined OR ¼ 1.84 and 2.14, 95% CI ¼ 1.39-2.43 and 1.49-3.07, P ¼ 2.2 and 4.3 Â 10 À5 ). This gene is deleted in some patients with Wilms tumor, aniridia, genitourinary anomalies-mental retardation (WAGR) syndrome. 27 Moreover, SNP rs3734652, which maps to the 3 0 -untranslated region of ZBTB24 on chromosome 6, showed an association with third molar agenesis (combined OR ¼ 2.03, 95% CI ¼ 1.44-2.87, P ¼ 6.2 Â 10 À5 ). ZBTB24 was recently shown to be responsible for immunodeficiency, centromeric instability and facial anomalies (ICF), type 2. 28 Finally, SNP rs492761, which maps 3 0 downstream of THYN1 on chromosome 11, showed an association with third molar agenesis (combined OR ¼ 1.90, 95% CI ¼ 1.40-2.59, P ¼ 3.9 Â 10 À5 ). THYN1 is a candidate gene for developmental delay/mental retardation. 29 Genetic factors are strongly involved in non-syndromic tooth agenesis, and several genes have been reported to carry mutations or variants including MSX1 (second premolars and third molars), 4 PAX9 (oligodontia) 5 and AXIN2 (oligodontia). Mutations in MSX1 cause tooth agenesis of various types of teeth, including second premolars, third molars and incisors, and has been associated with hypodontia of mainly second premolars and third molars in families. 4, 30, 31 Conversely, MSX1 has been excluded from other forms of hypodontia involving both second premolars, as the cause for the more common cases of tooth agenesis where only one or two teeth are missing is not explained by MSX1 mutations. 32 Third molar agenesis is more commonly found in the maxilla than in the mandible, 8, [33] [34] [35] [36] [37] or in both jaws. 38 In patients with severe hypodontia, patterns of tooth agenesis in the maxilla and mandible are independent. 39 The mechanism underlying the difference in third molar agenesis between the maxilla and mandible is not clear. 34, 38 Differential expression of several genes indicates a genetic difference between tooth specification and the molecular pathways that control tooth formation in the maxilla and mandible. 40 The maxillary and mandibular ectomesenchyme responds differently to ectodermal signaling for certain genetic pathways; 41 therefore, we defined three phenotypes, and analyzed them separately.
Approximately 20 more oligodontia or hypodontia-causing PAX9 mutations have been reported, most of which are located in the paired domain. The mutations range from missense mutations to premature terminations and deletion of the entire gene. They are all heterozygous, indicating that the mechanism of haploinsufficiency has a role in tooth agenesis. 42, 43 Mutations in AXIN2 cause tooth agenesis that predominantly affects permanent teeth, 8 including permanent molars, lower incisors and upper lateral incisors in one large family and in a sporadic case. 6 According to the results of our present meta-analysis, these genes did not show significant associations at Po1 Â 10 À4 (Supplementary Table S2 ).
In conclusion, we have conducted the first GWAS to identify susceptibility genes underlying third molar agenesis diagnosed by examination of a panoramic radiograph. As a result, we identified three SNPs showing association signals with third molar agenesis at Po1 Â 10 À5 located in three independent loci. We did not find any SNPs showing significant associations at Po1 Â 10 À4 among genes previously reported to be associated with non-syndromic permanent tooth agenesis, suggesting that there might be differences in developmental mechanics between third molar agenesis and other permanent tooth agenesis. Although our GWAS used samples from East Asian populations, the prevalence of third molar agenesis is known to vary across populations. 2, 3, 44, 45 Moreover, this study is only a first-stage investigation; therefore, SNPs with significant associations should be considered candidates for future studies to investigate the potential mechanisms underlying racial or ethnic differences. Nevertheless, these findings advance our understanding of the genetic basis of third molar agenesis. 
